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FOREWORD

Thts final rp. rt wae prepared by the Energy Conversion Branch (APIP-2).

Aerospace P wavir Divivion under Project 3145 - Power Generation, Task 314519 -

Sclar Pri,'er. This solax cell sp:.ce experiment was sponsored by the Air Force

Aero P'opuZs!on Laboratory and Included five experimental types of cols from

four conMiactoru. The experiment was flown on n non.-lnterference basis on an

operational space vedicle by the Air Force Spaoe and Missile Systems Organi-

zation 17J 1966. The experiment was conceived and designed by Mr. L. D. Massie

of the Air j!orce Aero Propulsion IAborA~ry. Angular re3ponse measureaents

and arz al,'eefn were condacted in tho Air Force Aero Propulsion Laboratory by Mr.

G. M. Kevern. Analyst of flight test data was conducted in the Air Force Aero

Propulsion Laboratory by hMr. G. M. Eevern aid Mr. L. D. Massie. Assistance

in the set-up of teat equipment and accumulation of prior-to-flight electrical

performance data on the experlmontal solar cell modules was given by Mr. J. F.

Wise, Lt D. F. Pry.taloski and Mr. E. 0. Peltz. Assistance was also given by

Mr. D. W. lUtchJe and lr. R. F. Greenwood of the California Institute of

Technoiogy - Jet Propulsion Laborat-ory Iiu module electrical performance

measurements at Table Mountain, California. V e also acknowledge the cooperation

of Mr. Don Reynolds of the Aerospace Research Laboratory in supplying the

cadmium sulfide modules and obtaining partial funding support from the Office

of Aerospace Research.

Integration of tie experiments into the satellites was accomplished through

the valuable assistance of Captain T. W. Hoog of the Air Force Space and

Missile Systems Organiration and Mr. E. Raney of the Aerospace Corporation.

The work of Mr. P. Schuyler, Mr. R. Reszka, Mr. R. Lynn, Mr. D. Miley,

Mr. J. Straube, and Mr. D. Hennesee of the Lockheed Missile and Space Company

in the areas of experiment design, instrumentation, telemetry, and data acquisition

is also acknowledged.

This report covers work accomplished during the period from 1 June 1965

throigh 1 February 1969.
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This report was submitted by the authors February 1969.

This technical report has been reviewed and is approved.

CURTIS KELLY
Chief, Energy Conversion Branch
Aerospace Power Division
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ABSTRACT

This report clescribes an experimental effort to determine solar cell degrada-

tion and angular response in a 2000 NM polar orbit. Solar cell experiments

Including five different types of solar cells were devised for each of two Air

Force orbiting vehicles. The cell types were dendritic silicon, dendritic silicon

drift field, cadmium telluride thin film, cadmium sulfide thin film, and lon

Implanted silicon. The cells were tested in a module configuration consisting

ol eight, 1 x 2 centimeter cells of each type in electrical series.

The short circuit current and open circuit voltage parameters were moitored

over a one year period. The measured degradation was compared with predicted

degradation baseL. upon the Van Allen inner belt proton/ilectron model and results

of accelerator produced 1 Mev electron radiation. The total proton/electron

environment In the 2000 NM polar orbit corresponded to an equivalent 1 Mev

electron fluence of 7.3 x 1015 e/cm2 per year which produced a preccted power

dej'radation of 38 percent in non-drift field silicon cell types and 31 percent in

l'icon drift field types. Measured quantities were found to substantiate tho

validity of the 1 Mev electron method for predicting silicon solar cell damage.

Thin film solar cells (in the configuration described in the report) failed in

earth orbit for rea3ons other than radiation damage. Thermal effects and

mechanical delamination are believed to be the most likely reasons for their

failure.

The angular response of solar cells in space agreed with angular response

measurements taken In the laboratory except for effects of stray radiation from

earthshine and vehicle reflections. Angular response was also determined to

be Independent of radiation damage level.

(Tnis abstract is subject to speolal export contaols and each transmittal to

foreign gover nvents or foreign nationals may be made only with prior approval

of the Air Force Aero Propulsion Laboratory, APIP-2, Wright-Patterson Air

Force Base, Ohio 45433.)
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SECTION 1

INT ROiUCTION

1. OBJECTIVE

The Air Force Aero Propulsion Laboratory (AFAPL) has completed the

analysis of data resulting from two solar cell space experiments conducted

in a 2000 NM near circular polar orbit.

The objectives of these experiments were to demonstrate the space per-

formance capability of new solar cell types, to determine their potential space

environmental resistance advantages, to define operational problems for guiding

future exploratory development efforts, and to define the severity of the environ-

ment with regard to solar power plant operation in this orbit over a one year

period.

2. BACKGROUND

The resuts reported in this technical report pertain to flight tests conducted

on two separate Air Force parent Agena vehicles. Each experiment was injected

into the 2000 NM orbit as a tertiary flight test objective on an Atlas launch/Agena

boost-orbital vehicle. The experiments were conducted as joint SAMSO (SMUME)/

AFAPL (APIP-2) efforts. The experimental sola- cell (ion implanted silicon,

cadmium sulfide thin film, cadmii-m telluride thin film, dendritic silicon and

dendr . .te 311!o dr.Ift fld) mOdules includod in the fight tests were products

of A FAPL exploratory development programs in the area of solar power.

3. EXPERIMENT CONCEPT

At the time of conception of these experiments, June 1965, flight test data

on solar cell performance degradation in a 2000 NM polar orbit were limited.

Inclusion of the Air Force Aero Propulsion Laboratory experiments on the SAMSO

vehicles afforded the opportunity to measure cell performance degradation as

a function of time n orbit and to compare the measured quantities with predicted

values based upon existing models of the Van Allen radiation belt.
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During the on-orbit life of the experiments, short circuit current (SCC),

upon clrouit voltage (.c.), and tempja .... paramentere were.. me-,,cire on a

non-interference with primary payload basis using the command and telemetry

system of the parent vehicle. Sun incidence angles wore determined using sun

sensor and coi trol moment gyro rate inforinaiion.

4. EXPERIMVENT LIMITATIONS

Certain mission related limitations were imposed on the operation ot the

AFAPL solar cell experiments. Since link 5 telemetry over which solar cell

experiment data transmission occurred could not be activated until Agena boost

vehicle engine final shutdown, no data were obtained from the Flight 1 (FTV-1)

experiment during the first 200 revolutions (23.2 days) and no data were obtained

from the Flight 2 (FTV-2) experiment duringthe first 20 revolutions (2.32 days).

Thus, on-orbit performance data upon orbit injection and radiation damage data

immediately subsequent to orbit injection were not obtained.

A further restriction or. the acquisition of data was that sun incidence on

the experiment panels (which were rigidly mounted upon earth-oriented vehicles)

had to occur in conjunction with activated link 5 telemetry and within tracking

station data acquisition range. This restriction resulted in the accumulation of

considerable data at very large sun incidence angles. Much of this datL was

discarded because of difficulties encountered in validly correcting the data over

a wide range of incidence angles due to earthshine and vehiclt reflections.

Regardles- of the existence of dual panehi • n cauh vehicL16-, onl"y a .panel

was Illuminated at any given time, with the periods of panel illumination/panel

shadowing alternating at six month intervals, as the earth moyea between

conjugate points. Thus, no direct on-orblt performance comparisons between

panels could. he made.

2
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SECTION II

SPACE EXPERIMENT

1. EXPERIMENTAL PANELS

Each flight vehicle carried two space experiment panels, one mounted on the

-Y arm array and one mounted on the +Y arm array. Each experiment panel

included one eaciL u: the following solar cell modules:

Designation T Manufacturer

WN Dendritic Silicon Westinghouse

WD Dendritic Silicon Drift Field Westinghouse

GE Cadmium Telluride Thin Finm General Electric

AR Cadmium Sulfide Thin Film Clevite

IP ion Implanted Silicon Ion Physics

A photograph of the FTV-1 solar cell space experiment panel configuration

is shown in Figure 1. The unit shown is the qualification test panel S/N 001 prlnr

to qualification tes ing. The modlies from the top of the photograph to the bottom

are as follows: Ion Physics Corporation Ion implanted silicon (IP series).

Clevite Corporation cadmium sulfide thin film (AR series), General Electric

Company cadmium telluride thin film (GE series), Westinghouse dendritic

silicon drift field (WD series), and Westinghouse dendritic silicon (WN series).

The IP, AR, GE, WD, and WN designations are used to simplify reference to

the specific module types.

Each flight module consists of 8 series-connected 1 x 2 cm solar cells
bonded to 10 mil thick metal substrates with RTV-41 adhosive. Silicon module

subsirates are Kovar. Thin film module substrates are molybdenum. Individual

ceil substrate dimensions are 4 cm x 12 cm which allows ample area for cell

plre~nent and edge attachment to the Lockheed Missile and Space Company

0.,) ..,14 inch x 17 inch magnesium space experiment panel. The panel has

7 i i x 10.6cm cutouts over which the cell modules are placed. Electrical leads

from the modules are brought out through the cutouts and connected to the

appropriate terminal posts on the backside. A single temperature sensor is

positioned on the dendritic silicon drift field module.

3
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Figure 2 shows the location of the AFAPL Solar Cell Space Experiment on

the vehicle forward solar arrays. One experiment panel is located on the -Y

arm array and another panel on the +Y arm array. This redundant approach was
taken to insure that some . ... dt-a wo3,1,d be,"'°' .. ,, --l-ln UI-90, a,,,t^ one or the t-'&U--

experilmnt panels failed to survive orbit injection.

2. SOLAR CELL CHARACTERISTICS

Since the planned orbits for both Flights 1 and 2 would carry the AFAPL

experiment through the magnetosphere near the center of the Inner Van Allen

radiation belt, it was necessary to shield the silicon cell types to prevent

rapid degradation from low energy protons. Six mil thick glass shields
2(.04 grams/cm ) were placed on all silicon solar cells with RTV 602 adhesive.

"To special shielding was provided for thin iIlm cells other than that resulting

from the nature of construction of the cells themselves. Cadmium telluride

cells composing the GE modules were sprayed with a .5 mil Krylon protective

overlay. Clevite cadmium sulfide cells composing the AR modules were en-

capsulated with 1 mil Kapton plastic as a standard construction technique.

Silicon cell types were all of the N on P type construction. The 5 - 10

ohm-cm dendritic webb silicon starting material and the ion implanted silicon

starting wafers were in the 12 - 14 mil thickness range with completed cells

having .3 to .5 micron Junction depths and solder dipped contacts. Silicon module

air mass zero efficiencies at 28"C were 7 - 8 percent for the WD (dendritic

siloo dilf field) modules, and 8 - Q percent for the WIN (u6ndril, slli:Ui)

and IP (ion implanted silicon) modules.

Thin film cell composition consisted of 1 mil N-type cadmium s lfide and

cadmium telluride film on 1 mil molybdenum metal base material in the case

of AR modules and GE modules respectively. Copper sulfide/cadmium sulfide

and copper telluride/cadmium telluride P on N heterojunctions were formed by

the cuprous ion immersion technique. In the cadmium sulfide cells, a mechanical

screen grid P-layer contact was used without an intervening conductive bond In

the case of Flight 1 modules and with an intervening conductive bond In the

case of Flight 2 modules. Cadmium telluride cell contacting consisted of gold

5
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Figure 2. Solar Cell Experiment Location on Flight Test Vehicle
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fingers and bus bar formed by vacuum evaporation through a metal mask. Series

connteotiun between cadmium telluride cells were accomplished by shingling.

using Epoxy Products, Inc., 3026 adhesive for the conductive bond. Thin film

module air mass zero efficiencies at 280C were 2 to 3 percent for the GE

(cadmium telluride) modules and 3 to 4 percent for the AR (cadmium sulfide)

modules.

3. CELL TEMPERATURE EFFECTS

Since solar cell short circuit current and open circuit voltage vary with

temperature, It was recognized that all flight data would have to be corrected

for temperature. Test data for the varloub cell types were, therefore, obtained

from each manufacturer. From these data, short circuit currents and open

circuit voltages relative to the 100OF values were calculated, and are plotted In

Figures 3 through 6. (Preliminary analysis of flight data indicated that the most

useful data were at or near 50* solar incidence, and the associated steady state

temperature of approximately 100°F).

During the flight experiments, temperature was measured at only one point

on the experiment panel. This point was directly behind the WD module. This

one temperature measurement is considered adequate for all cell modules

during steady-state conditions, but, unfortunately, steady temperatures were

seldom attained, due to the frequent passage of shadows over the panel. The

reported temperatures must, therefore, be regarded as approximate for all

modulao other than the WD module.

4. PRE-FLIGHT EVALUATION

Pre-flight module evaluation was conducted to determine the electrical

performance characteristics of each flight module at normal radiation incidence,

the change in characteristics as a function of varying incidence angle, and module

suitability for flight through qualification testing (in the flight panel configuration)

to the vehicle launch and operating environmental specifications.

Evaluation of modules for voltage-current characteristics under normally

incident sunlight was accomplished at Table Mountain, California, by special

7



AFAPL-TR-69-17

0/ 0

o/ -
Eu

02

CL w

00

-.- - -

00

0 d

ADO (INV DOS 3AIIV-138

8



AFAPL-R-69-1

00

0~

a)-

CLU

0 0

o ~ 6N D 3~V3

___ I 9



A Ft.PYl-TR-69-17

- ~IKT1~CT

> .0

U E

P4-

100



ItI

0. 0

cow

CL w

U

01

ADO ONV 00"s 3AIlVI38



A FAPL-TR-69-17

arrangements with the Jet Propulsion Laboratory of the California Institute of

Technology. A summary of performance of all modules based upon this data

is shown in Table L Similar data were also obtained at AFAPL, using a carbon

arc solax simulator. Due to carbon arc fluctuations, the Table Mountal:- data

were considered to be more accurate and are used as a basis for all flight

data analysis.

Since space experiment data on flight modules would be accumulated at

varying angles of incidence, it was essential to know the telemetered electrical

paramuters (short circuit current and open circult voltage) as a function of

incidence angle. Without knowledge of these relationships it would be impossible

to correct data to normal incidence conditicns. Determination of these relation-

ships was accomjished at AFAPL using a carbon arc simulator in September

1965, and using an X-25 solar simulator from October 1967 to October 1968

(See Section Ill).

The vehicle contractor (LMSC) was responsible for conducting qualification

tests on the S/N 001 qualification test panel as follows:

Vibration Test:

1. Random: 5 minutes of random vibration were applied at the

following levels in all 3 mutually perpendicular axes.

14 - 400 CPS at .07 g/CPS

400 - 200 CPS at .13 g 2/CPS

2. Sinusoidal: 10 mInute low level vibration sweep at approximately

1/2 g followed by a vibration sweep at a sweep rate of 3 minutes per octave at

the following levels in all 3 mutually perrendicular axeb.

5 - 14 CPS at .5" double amplitude

14 - 400 CPS at 5.0 g

400 - 2000 CPS at 7.5 g

12
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Acoeleration Test:

11.0 g's - two axes 5 minute duration
2.5 g's - one axis

Shook Test:

Three shooks of 30 g's and 8 milliseconds aration in each of the

3 mutually perl endicular axes.

Transporation and Storage Test:

1. Ambient to +160*F In 45 minute period.

2. Maintained at 160'F for 4 hour period.

3. Reduced to -65'F over 2.5 hour period.

4. Maintained at -65*F for 8 hour -':i lod.

5. Pressure reduced to 87 Tory - maintained 10 minutes.

6. Pressure and temperature then returned to room ambient.

Humidity Test:

1. Temperature of experiment panel increased from room ambient to
+140°F over a 2 hour period. I

2. Maltainad at +140°F and 95% relative humidity for 6 houre.

3. Temperature then reduced linearly to room ambient In a 16 hour

period.

High TemperLture - Low Pressure Test:

1, Experiment panel temperature was raised from room ambient to

+175"F at 7.5"F per minute under subatmospheric pressure of 10 - 3 torr.

2. Temperature level of 1757 was maintained for 2 hours.

14
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Low Temperature Test:

1. Experiment panel temperature was reduoed to -70*F at the following

rates:

Room ambient to -60*F at 2.4,'minute

-60F to -140F at 2.5°/minute

-140F to -170OF at 1.0*F/minute

z. Panel was maintaied at -170°F fur 24 hours and then returned

to room temperature.

Temperature Cycling Test:

Step I - From room ambient to +110F over a 10-minute period and

maintained at +110'F for 15 minutes.

Step II - From +110F over a 75-minute period and maintained at

-140F for 15 minutes.

Step III - From -140Fto +l1OFover a 3,-minute period and maintained

at 110F for 15 minutes.

Step IV - Steps H and I were repeated two times.

Step V - F"rOM t110?1 to room ambleant Luxuptraiure over a period of

10 minutes.

Figure 7 shows the condition of the qualification test panel upon completion

of the above qualification tests. As can be seen, the centrally located GE
(cadmium telluride) cell strip has lifted from the molybdenum substrate with

attendant electrical discontinuity. Although not apparent from the photograph,

the AR (cadmium sulfide) substrate has partially separated from the magnesium

experiment panel and while still responsive electrically, the open circuit

voltage is only 65 percent and the short circuit current only 27 percent of Cut

original specified values. Only minor damage was incurred by silicon moduR '....

15
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Figure 7. Photograph of Sclar Coll Experiment Panel. Following
Qualification Test
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Tables 11 and III summarize the v!ai,ol' and elact-rOCal diPEects obsar-ved in
th- modules upon completion of each aspect of the qualifioatlon-test program.
Sice proper electrical operation of flight modules was not a requirement for

quaifatinand aince no materiai completely left the panel during the tests,
the experiment was considered to be qualified for flight on a non-Interfe ?Ornce
basis.

5. SOLAR CONSTANT

F-Ince the orbit of the earth around the sun Is an ellipse with the sun at one
focus, the earth-sun distance varies continuously as the earth traverses Its
orbital path. With respect to the calendar, the maximum earth-sun distance
(94.4 million miles) occurs early In July and the minimum earth-sun distance
(91.3 million miles) occurs early in January. The variations from one year to
another are negligible. In general, the distance between the earth and sun is given
by:

D =K [1 - e cos

WhA~ere D is the earth-sun distance

K Is the mean earth-sun distance (92.9 million miles)
Eis the eocentricity of earth's orbit (.0167330)

t is the mnimumi number of days from 1 January
VF1Y sthe length o th er Aa dny .(3C.11^1

F Thus, the earth-sun distance can be calculated at any point In the earth's orbit.

The solar constant Is defined as the radiant power delivered by the sun
FIN outoide the earth's atmosphere at earth's mean distance (92.9 million miles)

from the sun. The value of the solar constant is 140 mw-./cm . This value

Increases as the earth approaches perihelion and diminishes as the earth
approaches aphel ion. The value at any point In the earth'sa orbit is given by the
inverse square law:

10 Dx
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Where:

Ho is the value of the solar constant at known distance Do

ix s the unknown value (or value to be calculated) at distance Dx

Thus, the value of the solar constant canbe calculated at any point In the earth's

orbit corresponding to any given calendar date. Figure 8 shows the yearly

variation of the solar constant relative to the value (140 mw/cm 2 ) at the mean

earth-sun distance. As can be seen, the value varies from approximately

135 mw/cma2 at aphelion (July) to 145 mw/cm 2 at perihelion (January). For

purposes of solar cell space experiment data analysis, this vPriation in solar

constant causes negligible changes in open circuit voltage, but causes pro-

portionate changes in short circuit current. All short circuit curreut flight
2data were, therefore, corrected to 140 mw/cm , using Figure 8.

6. FLIGHTS 1 AND 2

Flight Test Vehicle 1 (FTV-1) booster ignition occurred at 12:30 PM pacific

daylight savings time on 19 August 1966. The vehicle achieved nominal orbital

parameters of 2011.55 N.M apogee and 1994.89 N M perigee at an orbit plane

to equatorial plane inclination of 90.15 degrees. The corresponding orbital period

for FTV-1 was 167.56 minutes.

Second stage booster (SSB) shut down did not occur until 8 September 1966.

Since link 5 telemetry over which solar cell experiment data transmission

occurred could not be activated until SSB shut down, no data were obtained from

the Flight 1 experiment during the first 200 revolutions. Link 5 telemetry

activation occurred on FTV-1 revolution 196 and proper operation of the AFAPL

experiment was verified. The first useful data were obtained in an active pass

over the New Hampshire Tracking Station (NHS) on the 213th revolution.

Additional NHS data transmissions occurred until revolution 1095 when link

5 telemetry failure occurred on 16 January 1967. The FTV-1 experiment,

therefore, covered a total in-orbit time of 127.4 days. Only -Y arm data was

obtained during Flight 1, as sun incidence in conjunction with activated link

5 telemetry and within tracking station data acquisition range, occurred only on

the -Y arm forward solar array.
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FlIght Test Vehiule 2 (FTV-2) was launched on 4 October 1966. The vehicle

aChieved nominal orbital parameters of 2002.64 NM apogee and 1992.57 NM

perigee at an orbit plame to equatorial plane inclination of 90.17 degrees. The

corresponding orbital period for FTV-2 was 167.61 minutes. Use&u data were

obtained for the -Y arm modules from revolutions 21 to 1542, and from revolu-

Uons 1566 to 3072 for the +Y arm modules, corresponding to 358 days.

The Flight 2 experiment was terminated on 13 Cotober 1967, when the vehicle

experienced a major attitude perturbation. The condition grew progressively

worse, and on 16 October 1967, the vehicle was reported to be out of control

and tumbling. Ground station fixes on the vehicle telemetry transmissions

could not be maintained sufficiently long to obtain further AFAPL solar cell

space experiment data.

7. FLIGHT DATA ANALYSIS

TWlemetry end to end transmission errors were of the order of five percent.

Experiment raw data was recorded on magnetic tape during active passes over

tracking stations. These recordings were subsequently shipped to Lockheed

Missiles and Space Company for reduction byoomputer. Analysis of reduced data

at AFAPL was conducted manually using the computer listings provided by

Lockhet~d. Figure 9 shows a single page of reduced data from a 66 page listing

for Flight 2 revolution number 574. This page was selected for exemplification

because it shows open circuit voltage as well as short crr-cult current dataq

Since short circuit current is most affected by radiation, the experiment was

geared primarily to measurement of this parameter at vehicle system time

Intervals of one second. The command for module open circuit voltage readout

was generated at vehicle system time iatervals of 200 seconds. The approximate

ratio of total short circuit current readings to total open circuit voltage readings

was approximately 30 to 1. The duration of experiment "on time" during active

passes varied from approximately 10 to 30 minutes.

Preliminary inspection of all flight data indicated that an incidence angle

of W, and the corresponding average temperature of 100°F. should be selected

as the basis for detailed data analysis. A smaller incidence angle could not

22
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be selected, since all short circuit data exceeding 33 ma for silieon modules
anid 17 ma for thin ftUn modules had to be discarded because of instrumen-

tstion/telemetry circuit saturation. AUH data obviously affected by shadowing of

a portion of a module were also discarded.

During initial analyses, efforts were made to correct all data to 00 incidence.

These efforts were abandoned because insufficient information was available to

correct the error introduced by reflectouc ft .m the vehicle surface and the

earth's albedo. (Thiz effect apparently varied from ( to 30% of the short circuit

current, as discussed In Section IM.

Final analysis of short circuit current data was, therefore, accomplished

as follows:

1. Whenever possible, for each recorded revolut!on, the short circuit

for each module at exactly 50' Incidence was extracted. Since one

or two modules would usually be partially shadowed, the unshadowed

data nearest to 500 inc!dence was selected fcr these modules, and

corrected to 50 incidence, using the cosine law. (Data points not

within 50' * 5° were discarded.)

2. The selected current values were corrected to 1000 F, using Fgta e 3,

4, 5 or 6, as applicable.

3. The current values were then corrected to 140 mw/ cm2; using

Figure 8.

4. The above values were then converted to percent, by dividing by

the corresponding preflight 50 incidence valu6. The 00 preflight

value was obtained from Table I. and corrected to 50° incidence at

100F, using the appropriate curves in Figures 3 through 6 and

12 through 18.

iOpn circuit voltage data points for finel analysis were also selected and

corrected in accordance with the above procedure, except that the solar constant

and incidence angle corrections were found to be negligible nd were omitted.
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For purposes of data analysis it was assumed that angular response and

temperature coefficients of the various modula.r types were Independent of

radiation damage level. 1 was also assumed that all illuminated modules were

at the same temperature as the illuminated WD module with the tempersatire

sensor. All data taken during partial or corqplete shading of the WI) mod, waz,

ignored. These simplifying assumptk: s. ,;,,Iud wf.• result in large discropa ilei,

iL the results.

I
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ANGULAR RESPONSE

1. OBJECTIVWE

This investigation was performed to determine the angular response

luformation required for proper analysis of the data obtained during Flights 1

anfl 2 of the joint AFAPL - SAMSO Solar Cell Space Experiment. This neces-

c.n1i.-ted correlation of data obtain ed during both laboratory and space tests of the

tv2 ypes of solar cell modules which were Included in the space experiment.

The objective of the space experiment was to determine long term (1 year)

dog:r-idatlon in a 2000 nautical mile polar orbit, of the five types of experimental

solar ce.ls. Unfortunately, ali data were obtained during continuously varying

sAarx Incidence angles, as the vehicle was earth oriented. Results of the space

txperli.ent were found to be critically dependent upon angular response so final

atwalysis of the data from the space experiment was deferred pending oomple4iCon

of thb auiuiar response investigation reported hereln.

I addition to many other preflight and qualification tests (see Section I)

v ,,.&m -.ze curves were obtained at AFAPL In September 1965 for one module

of each t'-,e at 0, 10, 20", 30, 40, 50, 60%. and 70' angles of incidence, using

a ci'rbo arc solar simulator, an electronic load, and an X-Y plotter. Unfortu-

natuly, d prinarily to stray reflections in the test area and rapid fluctuations

k-i the earbo. ar(-, an~gular response characteristics calculated from these curves

we re found t be of questionable value. A more detailed investigation of angular

repon- cliaracteristics wat therefore conducted at AFAPL during the period

roni Otctober 1967 to October 1968, concurrently with analysis of telemetered

da-.. fromi Fligets 1 and 2.

2. LABOILATORY ANGULAR RESPONSE TESTS

Starting In October 1967, a surplus automatically recording photometric

system was modified and utilized for angular response tests. This modifled

eystem Includes:

(1) A goniometer with 3600 horizontal and vertical movements, accurate

to -+0.1.

26
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(2) A continuous curve recording microammoter, wium a 10" scale.

(3) Decade resietance boxes to provide any desired scale factor for the

rmordor, and any desird luad fur the solar cell or module under test.

(4) Electrical synchronization of goniometer, recorder paper drive, and

variable speed system driving motor.

(5) Shroud and baffles to eliminate reflections and stray room light.

(6) Water-cooled, temperature-controlled mounting block for cell or

module.

(7) Hollow shaft-cross hair arrangement to permit accurate alignment of

module surface with guniometer axes of rotation.

rhe spare and qualification modules which were still operable were tested

with the carbon arc simulator in an attempt to duplicate preflight test results.

Because of carbon arc fluctuations, reproducible curves could not be obtained.

Curves were also obtained using readily available 28 volt, 1000 watt,
PAR-64 aircraft landing lamps (General Electric #4615) connected o a regulated

power source. Curves obtained while using one of these lamps as a solar
simulator showed no fluctuations, and were exactly reproducible. Comparison of

these curves with those obtained at a later date, using the same modules and an

X-25 solar simulator showed that the difference in spectral distribution produced

no noticeable change in angular response, under either short circuit or open

circuit conditions.

All laboratory data utilized for this report were obtained using an X-25

simulatcr borrowed by AFAPL in January 1968. (Spectrolab Model X-25,

Serial #112, with a 2500 watt Xenon short arc lamp.) The simulator was adjusted
2

to provide 140 mw/cm on the module surface, as meacurud by calibrated
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stanoard silicon solar cells. Angular response curves similar to Figures 10 and

11 were automatically drawn for each module, under short circuit, open circuit,

and load conditlons, usinrg the following procedures:

2(1) Illuminate the module at 0 incidence, 140 mw/cm , 80-35°C.

(2) Set decade boxes to provide desired module load, and approximately

9.5" recorder deflection.

(3) Operate recorder at paper speed of 1 ' pr minute to demonstrate that

module output Is stable.

(4) Set goniometer at -90 ° incidence, and synchronize goniometer and

recorder.

(5) Rotate goniometer/recorder system at 10° per minute from -90 to

0* to +90* incidence, reverse, and rotate back to -90 ° Incidence.

The procedure demonstrates xxodule stability and data reproducibility and

provides four data points for each incidence angle, which were then averaged to

minimize systematic e.r-rors, such as the decrease in surface temperature as

Incidence angle Is increased. The averaged values were then plotted in final

angular response curves for each module as shown In Figures 12 through 16.

S*ince ai avalnie UL and t.fA moivies ad seriously aeterioratei, data were

obtained for two representative individual cells in good condition, see Figures 17

and 18. I is interesting to note that the short circuit curves for the deteriorated

modules GE-6 and AR-7, Figures 14 and 15, resemble the maximum power

curves for good individual cells, Figures 17 and 18. The shapes of the short

circuit angular response curves, therefore, indicate that Modules GE-6 and

AR-7 now have high internal resistance. Thih j confirmed by the voltage-curreut

characteristics of thease modules. E is also evident that the shape of the angular

response curve for any module or cell Is determined by the sum of the internal

module or cell resistance, and the external load res!stance. The limiting shapes

are, of course, the true short circuit and open circuli uurves.
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Figure 12. Module WN-1, Angular Response, With X-25 Solar Simulator
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WN, WD, GE, and IP module output rornared stbiblo, but AR module short

_n* 4.1'** - A hh di-infth f a 4.. u mlmfa (%f lll1xnlat. 1

as ashen In Figure 19. This change was temporary and repeatable; initial outy: t

was restored after the cell had been covered for sovi.ral hcuru. This chaigu was

too groat and too slow to be directly caused by vtar gs iL module surface tem-

perature which were small because the module was mounted upon a largp tem-

perature-controlled metal block. Curves similar to FJg.tro 19 for the other

modules showed ant immediatL rise i: curret tz tho final vlue.

3. MODULE PERFORMANCE CHARACTERI;iTICS

While still mounted and i.'L:nated as ,escrlbed, each rodule and cell

was connected to an automatic electronic 1h,;d and X-Y plott:., The r( suiting

voltage-current characteristic curves are sh gm In Figres 20 through 26,

Figures 20, 21, and 24 show ty. 'cal V-I curves for silicon nodules in good

condition. Figures 22 and 23 show serious deteraoration, approximately 50% 1'a

short circuit current and 20% in uT;-n circuit vultage, of the thin film mcd.. ea

during 2 1/2 years laboratory storage a J testing.

4. SPACE ANGULAR RESPONSE -),T.k ANALYS!S

Data sets were received for ,,bout 60 cf h c072' re- utLions made by the

F11it 2 vehicie. A sample aavl page is ehown ..n -i &-1 . " data st (Rev-

olution 650, -Y arm) coveringthe greatest rarxge Mga L,"dtt,.: wc was s.f8oeted

for detailed analysis. Short c:l-ult ;isat -.! ' , ... au, g "- 7;.1 al5, an Wl?

open circuit data, were extxacted fmaoz. - dv.:a - a -- "i .0OF u.d
2140 mw/cm 2 . All short. circuit daL ... :.-, A n.a for silioun moules ,'u

17 ma for thin film modules had tV . ct.rId because ox i.ntrumontatlo,

telemetry circuit saturation. All d !',) c& loutly affevtedi by 3hadowing of ,-

portion of a module were also disoaraed. ,.orrected short cicui, values for

each module were then p. tted against the laboratory short orcult value for ihe

same incidence angle and rncdue of the same 1,ype, as sho-n in Figures 27

through 31.
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The data points in Figures 27 through 31 lie reasonably well on a straight

line which does not pass through the origin. This indicates that the space short

circuit angular respons for . ach module it &iailar to the laboratory angular

response, except for the effect of reflected radiation for vehicle surfaces aaid

earth', al.weda. If it is assumed that this similarity extends over all angles of

Incidence, short circuit values for 0° and 90' incidence moy be determined by

straight line extrapolation. Using both corrected data points and extrapolated

points. Figures 32 through 36 were plotted to show space angular response for

each module. These cur,es .Indicate that the reflected illumination, as determined

by short circuit current extrapolation to 90' incidence, is between 13 and 29%

of the total illumination as determined by short circuit current extrapolation to

0' incidence.

Lines similar to Figure 28 were plotted for the WT) modules on butn arms

of the Flight 2 vehicle for all available data sets. Results were similar in all

cases, except for considerable variation (0 to 21% of total illumination) in the

= i,, of. refloitiun eiLeuts. The results obtained for module WD-4 after

358 days in orbit (revolution 3072, +Y arm) are typical, and are presented In

Figures 37 and 38.

5. LABORATORY ANGULAR RESPONSE RESULTS

2
When a Lcurately tested with an X-25 solar simulator at 140 mw/cm , the

angular response curves for all rnodtdcs '"- good conudltio, and th u - dm.iu

telluride and cadmiuma sulfide individual cells, were basically similar, and had

the following characteristics in common (See Ftgur6s 12, 13, 16. 17, and 18):

(a) The chort circuit is proportional to the cosine of the angle of incidence

from 0' to 50* incidence. From 50' to 900 incidence, the short circuit

current is slightly less than proporti nal to the cosine, probably due

to specular reflection losses from the cover. (Silicon cells had ; mil

glass covers, CdS cells were encapsulated with I mil Kapton, and CdTe

cells were sprayed with a 0.5 mol Krylon overlay.)

52
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(b) The open circuit voltage is relatively unaffected by incidence angle

from 0* to 50" incidence. At 50* incidence the open circuit voltage

reduction is only about 2%, and Is about 6% at 70 ° incidence.

(c) As might be expected, the angular response curves for maxlitun power

and partial (high resistance loads) lie between the short circuit and

open circuit curves. For a good silicon module, Flguri) 13, the maximum

power curve closely resombles and is from 0 to 5% higher than the

short circuit curve.

One CdTe and one CdS module, both of v,,ch had substantially increased

internal series resistance due to degradation in storage, nad bhort circuit

response curves appreciably higher that, the cosine curve, from 0 to 750

incidence, Figures 14 and 15. These curves are similar in shape to those

for loaded thin film cells in good condition, Figures 17 and 18.

CdS module :hort circuit current varied appreciable with time, Figure 19,

and with recent exposure history. This variation is slower in time and greater

In magnitude than any variation which could be attributed directly to temperature

changes within the thin film cell.

Voltage-current characteristics for 0, 20, 40, and 60 ° angles of incidence

are shown hi Figures 20 through 26.

6. S'ACE ANGULAR RESPONSE REIULTS

Partial angular response data were obtained for 60 of the 3072 revolutions

made by the Flight 2 vehicle. Unfortunately, no short circuit current data

could be obtained at incidence angles less than 40' for silicon modules, and

22* for thin-film modules, because the instrumentation/telemetry circuits

saturated. Furthermore, no direct measurements were made of reflections

from vehicle surfaces or the earth's albedo. The following conclusions are

derived from analysis and extrapolation of the best available data, Figures 27

through 38.
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(a) 3oth short circuit current and open circuit voltage angular response

in space appear to be similar to laboratory angular response, except

for the effect of reflected energy from velcle surfaces and the earth's

albedo.

(b) On different revolutions, the reflected energy appeared to vary from

0 to 30% of the total energy, as estimated by extrapolation of the short

circuit angular response data.

(c) No information was obtained as to how the reflected energy incidant

upon the modules varied during any one data run; the longest of which

was 38 minutes.

(d) Prolonged exposure to the space environment (75.6 days for Figures 27

through 36, and 358 days for Figures 37 and 38) produced no apparent

changes in the shape of the angular response curve. Some degradation

in total output of each moule occurred and is discussed In Section V

of this report.
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LN VIRO £ NT AT O1RI43Y.T ALTITUDE

1. LLTLONANt!D 1' ROL)ON FLUXES

WbL:~s~a al-u'a tunporaturc exeurslonu ranged from -170' to +1150*F

ith hard ', icf''l I Ctatllsadow/sunlight tramt Its, the principal item of interest

friI h a iAl (311 ADni:,iagi uii Ui ndj citA was the energzetic chargod. pa rticle en-viron-

nel; dii:itee.truur tkU protons trappod h! the earthi's magnetiz field, An
attcnijuyi wat; lkereI( :e mm kto o::itiraatc the total integratvd electron anjd proton

fiitc ow jCi-tjic 11ohd f h Van Alk.n radition belt aind to cur reiateq

thsnuT fiacaS With. (liuna! obctsrred lit solar cells by accelerator' produced

:1 MayV &C;(, ron 1Kw k In Ctie laixi-ratory. 'I'o regfon of intereiiA wafs the innaer zone

ii ~ .:rtwdiaijoi &ricn~cT a an altitude of 2000 nautioal iilies (1.58 earth

rs 'V.1j. Throf &J R~forenz4, 1.(tj 5)) the following values toi r on;Indirectional.

pi'1CT or1,C 1.jo'vr Maio 1..if. 21:10 nautical uil,, 90 deagree. Inciuiatk n orbit were

obtaitid.

Owricirec Lionis1

E ) ~ ~8.22 it 109

E 0~ 6 ~V 3.28 x10

E 8 Mec0 1.32 x i09

E > 10 Mev 5.3 --x108

From Reference 2 (piiga 631p the following value was obtained for omni--

directional electron expoam e rate la this orbit:

Omnidirectional.
ElectronEnergy Exposure Rate Ce/cm 2 -Day)

E > .5 Mev 4.22 x loll1

lkioring the effects of energetic particles produced by solar flare occur-

renceiL, the worst case conditions correspond to a pruton exposure rate of

8.22 X 10~ P/cm2 .q Day (E >4 Me'v) and an el1e ct r on exposure rate o±

4.22 x 10 21 /cm 2 Day (E > .5 Mev).
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2. EQUIVALENT I MEV ELECTRON FLUX

From Rosenweig's data, Figure 39, (Reference 3), the converbion factor

from omnidirectional fissior electrons to equivaient normai incident i Mov

electrons is .90 for a shield thickness of .04 grams/cm 2 (6 mLl glass).

Therefore:

C = (.90) (4.22 x 10 =3.8 x 1011 e

(e = 1 Mev) cm . day

Damage produced by energetic protona can also be estimated by relating the

proton exposure rate for the various energy ranges to equivalent 1 Mev electron

flux. Figure 40 shows the omnidirectional proton exposure rate ((D-) > E at orbit
P

altitude plotted as a function of proton energy from 4 to 10 Mev. It can be seen

from this curve that the proton exposure rate decreases significantly with

increasing proton energy and that the majority of solar cell damage In produced

by the lower energy protons due to their higher number. It should be noted that

a 6 mil (.04 gm/cm2 ) shield will absorb all protons with energies less than

4.5 Mev.

An equivalent 1 Mev unidirectional, normally incident electron flux for

each midpoint in the energy ranges of interest can then be established for each

omnidirectional proton/cm2 froia Figure 41, (Reference 3), with the following

results:

Proton Energy Omnidirectional Equivalent 1 Mev Electron Equivalent 1 Hey
Range ~ - __a__ir I-- ~ -- , ~rpoen/u Electron Flux

..Mv) P/cm 2  day_ (From Figure 41) __ e/cm 2  day

4.5 - 6 3.2 x 109 3.2 x 103 10.2 x 1012

6 - 8 1.96 x 109 2.9 x 103 5.7 x 1012

8 - 10 7.87 x 108 2.6 x 103 2.1 x 1012

> 10 5.3 x 108 2.3 x 103  1.2 x 1012

TOTAL 1.92 x 1013

The total equivalent 1 Mov electron flux is obtained by summation of the flm

equivalences for each proton energy range midpoint. This summation yields a

total 1 Mev eicctron flux equivalent of
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92 1 3 1 Mev electrons

cm- day

or

4)p(I Mev election equivolent) 1.92 x 10' 1 /cm, 2 day

Thu total damago ostlmnted at any given time in this orbit shuuld be based

upon a total 1 Mev electron exposure rate of

4 + T'p - (0-038 xI0) + (1.92 1 I0 -;)
lO11 I Mev electrons

cm 2 day

J. PREDICTED RADIATION DAMAGE

The total equivalent integrated I Mev electron fluxes corresponding to

time periods throughout the total experiment on-orbit life of 358 days were

calculated. The I , V aid P values were then obtained at the various flux
Io V 0 P0

levels from Cherry's and Statler's data on the effect. of 1 Mev electrons on

silicon solar cells, Reference 4. These estimated damage ratios can be compared

with the actual damage observed in the flight experiment for the IP, WN, and WD

modules only, since theme modules are the only ones containing cells of the same

basic types as those included In the Cherry and Statler data. The predioted

damaga i sio wt, ard In ovowparod to the actual flight data in the applicable

figures and tables in Section V.
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SECiiON V

EXPERIMENT RESULTS

1. SHORT CIRCUIT CURRENT AND OPEN CIRCUIT VOLTAGE

The 50' incidence short circuit current and open circuit voltage values for

each module after se lection. oorrectlon, and ounvurslon topercent. as discussed

in Section IL were plotted In the following figures.

i'light 1 Flight 2 Flight 2
SCC OCV -Y Arm -Y Arm 4Y Arm

F Figiire Module.s Modules Modules?

42 47 WN-3 WN-4 WN-5

43 48 WD-5 WD-2 WD-4

44 49 GE-5 GE-3 GE-4

45 50 AR-5 AR-10 AR-8

46 51 IP-2 IP-5 IP-4

The predicted values of short circuit current and open circuit voltage,

calculated by the method described in Section IV, are also showsi in Figures

42, 43, 46, 47, 48, and 51.

During Flight 2, no data were obtained for the -Y arm panel after 182

days, and no data were obtained for the +Y arm panel during the first 182 days.

ath pan.a ware. of coursa, expomd tW thts murnt, space environent. Fignt 1

data were obtained for the -Y arm panel only, for 127 days. ince Flight 1 and

Flight 2 orbits wbre nearly identical, data from the three panels for each type of

module can logically be plotted againat time in orbit in the same figure, for

direct comparison and analysis.

The degradation values listed In Tables lV through VI. and the following

oomments, are based upon a carelul examination of the results plotted in

Flgur.oa 42 through 51:

1. The total degradations for the 358-day experiment are listed in Tabl. V.

The open circuit voltage degradations for the three silicon modules are,
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for all practical purposes, equivalent, and approximately as expected.

The WD module short circuit performance is surprisingly good. The

AR modules failed in Flight 1, and appeared to be failing in Flight 2,

fur reasons other than radiatkin damage. The GE Modules show

excessive current and voltage degradation in FlIght 1. and high current

degradation in Flight 2, probably for reasons other than radiation

damage.

2. Table V shows the initial degradation during the first 20 days in orbit.

(Although the test data indicates that the initial degradation occurred

in much less than 20 days, the 20 day period was selected in order to

obtain a sufficient number of data points to assure a valid avera6e.)

It is evident that the initial current degradation for all five types of

modules is at least twice as great as expected. The GE and AR

degradation is probably due to delamination or other physical dete-

rioration, similaa to the degrad3tion of these modules during laboratory

storage and testing in the same time periLd. This rapid initial d.3-
gradation of the silicon modules may be due to proton damage in edge

and/or contact areas of the cells which may not have been coLpletely

covered. Of course, some of the apparent initial degradation of all

modules might be due to telemetry/instrumentation calibration errors.

3. The approximate annual degradation rates are listed in Table VI, in aa

effort to isolate long-term radiation damage effects from the excessive

~~1. A 110k -A UM A ".4t . VI& O V*.. UULt..L AIAIIIVU U L41 W~SU DIU.= L

20 days for the test data, and after 160 days for the predicted values.

After 160 days the predicted curve essentially becomes a straight ._L,.

when plotted to the time scale used in Figures 42 through 51. For

silicon modules, the actual current degradation is slightly less than

expected, and the actual voltage degradation is somewhat greater than

expected. The negative current degradation for the WD modules is

inexplicable. If the high WD current were due to reflected energy, the

WN and IP currents should also have been higher. The cause of the

Legative voltage degradation for the GE modules Is also unknown,

but similar behavior has been noticed in long term laboratory vacuum

ultra-violet tests.
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TABLE 1z
PE.RCENT RADATION, AFTER 358 CAYS IN 2000 NM POLAR ORBIT

Short Circuit Current Open Circu! Vo!tega

Type Predicted* Test Results Predicted* Test Results

WN 25 29±7 14 17 ± 4

WD 17 6+8 17 18"1:4

GE(FTV-2) 36±8 6 ±6

AR(FTV-2) 29 t 9 50 t 6

:P 25 24 t 8 14 17 +- 7

* Predicted degradation was colculated by method outlined in S ,ction 3Z

Y The bond which best ontoins the valid points in each of Figures 42

through 51 was determined by Inspection

TABLE Z

PERCENT INITIAL DEGRADATION, AFTER 20 DAYS IN 2000 NM POLAR ORBIT

Module Short Circuit Current Open Circuit Voltage
Moul I 2

Typq Prrodicfen est aesuftS Prod:ced T Rst uts

WN 9 20 -3 6 6 t 2

WD 4 l0 3 6 7±2

GEIFTV-2) 22 t4 14± 2

AR(FTV-2) 22 3 19±2

IP 9 20 4 6 + 3
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The WD modules clearly provided bettor overall performance during this

experiment than any of the (ther module types. The WD modules were, therefore,
selected as standards for comparison, in an effort to elimInate systematic
errors arid thershY roduce the data 9pread. Fige- a 52.' and thc-',f-,- . ..

WN, GE, AR and ILI currents relative to WID current. Each point plotted was

obtained hy dividing the uncorrected short circuit current value by the cor-

responding WD uncorrected value. This procedure should cancel out all errors

except random errors, small differences in temperature and temperature

correction constants, and possible small differences in reflected energy and/or

shadowing effects.

Figures 52 and 53 do, In fact, show greatly reduced data spread, and clearly

show the current degradation of all other modules relative to the WD modules.

The downward slopes of all lines definitely show that the WD modules have the

lowest rate of current degradAtion.

Figures 54 through 56 show a less successful attempt to treat open circuit

voltage data in a manner similar to the above. The vultage data points still

show appreciable scatter, probably due to Instability of the thin film modules,

and the fact that temperature differences have a much greater effect on open

circuit voltage than on short c_ cult current. These figures do, however, show

that:

1. The three types of silicon modules have only minor differences in.

voltage degradation rate.

2. The AR modules degraded rapidly.

3. The GE modules had a negative open circuit voltage degradation rate -

a characterist.ic which has also been observed in laboratory vacuum

ultra-violet tests.

2. ERROR ANALYSIS

The major types and sources of error in the short circuit current and open

circuit voltage space data are:

1. Telemetry/instrumentation ca:'bration and processing errors.
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2. Temperature differences (only WD module temperature was recorded).

3. R!L'dom errors.

4. Effect of reflected energy.

5. Effect of shadows.
6. Incidence angle measureiaent eTroris.

The effect of the above errors, especially 5 and 6, was minimized by the

selection of data at 50"*5 incidence angles, and the discarding of all data

apparently affected by shadows, as discussed in Section IL The first type of

error listed above Is the only one that would equally affect both open circuit

voltage and short circuit current.

3. POWER OUTPUT

Although no power measurements were made, the degradation In maximum

power output can be estimated by assuming that the shape of the V-I curve did

not change during the space experiment. This assumption Ia essentially valid for

silicon cells (Statler's 1 Mev electron damage data on silicon solar cells show

only a 2% reduction In fill factor.) Furthermore, the space angu-ar response

data of Section HI also indicates no change for the silicon cells. This assumption

is not necessarily valid for the GE and AR modul s, but is used for comparison

purposes. These modules showed substantial deterioration of V-I curve shape

during laboratory testing and storage.

The data shown In Table VII for the GE and AR modules should, therefore,

be regarded as the best case; the actual power output degradation would be

somewhat grvater,

The relative power output may, therefore, be caiculated using the following

equation, by assuming that the fill factor, F, does not chage:

P F( VI)
P F(Vo od

Table VII presents power output degradation results which were calculated

by this method, using data from Tables IV through VL It is again evident that:

1. The WD modules incurred the least degradation.

2. The Initial degradation of all modules was greater than expected.

8. The total (358-day) degradation of the WD modules was less than

predicted, whereas the degradation of the WN and IP modules was

greater than predicted.
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TABLE I
MATE ANNUAL 0EGRATiON RATEiF. .L.Nf) APTLR

INITIAL. DEGRADATION PERIOD (20 DAYS FOR TEST DATA AND
160 DAYS FOR PREDICTED DATA) IN 2000 NM POLAR ORBIT

Short Circuit Current Open Circuit VoltageModule

Type Predicted Test Results Predicted Test Results

WN 10 9 6 II

WD 8-4 7 II

GE(FTV-2) 14 -e
AR(FTV-2) 7

1P 10 4 9

TABLE

PERCENT DEGRADATIONJ IN MAXIMUM POWER OUTPUT,
IN 2000 NM POLAR ORBIT

Module Total (358 DaysI Initial 20 Days Annual Rote
Predicted Test Results

Type Predicted Test Results Predicted Test Results After 160 Days After 20 Days
ow 4*.

WN 38 41 ±9 14 25 ±5 12 19

WD. .. ,I ±5 14 7

GE(FTV- 2) 40±1 33 -5 7

AR(FTV- 2} *64 t9 3714 '36

rP 38 37 ± 12 14 26-'6 12 13

* Best coe,actual degradation Is probably greater
All predicted values were calculated from Cherry and Statler's efficiency degradation
data (Table 6, reference 4)
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SECTION VI

CONCLUSIONS

Several conclusions can be derived from the data presented In this Technical

Report. If the pre-flight electrical performance data, Table 1, is reviewed,

it becomes apparent that the sunlight conversion efficiency of thin film module

types is approximately 1/3 the efficiency of silicon mcdule types. Thus for

a gLven Initial power requirement, a thin film solar .,rray would require 3 times

as much area as its silicon solar array counterpart. Also, since both cadmium

telluride and cadmium sulfide modules failed to survive qualification tts. It

can be concluded that the environmental resistance of thin film cells, la the

configuration described, is inferior to that of sa.licon solar colis.

The results of laboratory anbular response t.stb show that the short

circuit current Is proportional to the cosinie of the angloe of ncidence from

0" to 50" Incidence, and Is slightly less than proportional from 5,0 to 90" inciduee.

The open circuit voltage is relatively unaffected by incidence angle from 0" to

500 Incidence. At 50* incidence the open circuit vultage roduation is only about

2%, and Is about 6% at 70* Inc!rence. As might be expected, the angular repouso

curves for maximum power and partial (high reslstance) loads lie betwe t the

short circuit and open circuit curves. The maximum power ciwve closely

resembles and Is from 0 to 5% higher than the short circuit curve.

Ana I ofA. tho A VJph.Lc1E eL-Gimal.A ±L1ULtLa hinaf.u KuL ri ri oiri

current and open circuit voltage angular response In space are slm'da to

laboratory angular response, except for the effect of reflected energy from

vehicle surfaces and the earth's albedo. This effect varied from 0 to 30% on the

short circuit curves, and was negligible on the open circuit curves. Prolonged

exposure to the space environment (358 days) produced no apparent changes in

the shape of the angular response curve.

The analysis of the radiation environment at orbit altitude of 2000 nautical

miles shows that protons in the 4.5 to 10 Mev range are nwost effective In pro-

ducing solar cell damage. The total proton-electron environment in this polar

orbit corresponds to an equivalent 1 Mev electron flux of 2 x 1013 e/em2 per day,

or 7.3 x 1015 e/cm2 per year.
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No In-orbit performanoe advantages of thin film solar cells over silicon
solar sells were demonstrated in the space experiment. The cadmium sulfide

n ..d r~*dtnatmh * dl..,. e 're dougrauau and/or oompiete

failure due to causes other than radiation damage, since similar behavior was

noted in laboratory storage and testing of similar modules during the same time

period. *

The in-orbit performance of tha drift-field silicon niodilJes was clearly

superior to the performance of all other modules. Both predicted and actual

results show this superiority. The predicted maximum power degradation for

the 358 day orbital test was 31%, whereas actual test results showed 13 to 33%

degradation.

The validJty of the equivalent 1 Mev electron method, as described In

Seotion IV, for predicting solar cell radiation damage was confirmed. Dis-

crepancles between predicted and actual results were less than the experimental

errors encountered. The use of this method is, of course, limited to those

solar cells for which laboratory I Mov electron test data are available.

In any future solar cell space experiments, It is strongly recommended

that suitable shielded, pre-irradlated solar cells be used as standards, and

exposed to the same conditions as the test ce) s. Analysis of test cell performance

relative to standard cell porformanoe would eliminate many of the errors

encounteir-e !n this experiment. &f&Ioleait eApmrimuntal data should ajso be

obtained to determiine the maximum power degradation and the changes, If any,

ki the volta--ourrent characteristics of the test cells.

*Attention is invited to the fact that the data and conclusions of this report
pertain to experimental solar cells which were manufactured in July and
August 1965, except for cadmium sulfide modules included in flight 2 which
were manufactured in March 1966. All types of cells have been improved
since these dates, but a discussion of the specific improvements is outside
the scope of this report.
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This report describes an experimental effort to decermine solar cell degrada-
tion and angular response In a 2000 NM polar orbit. Solar cell experiments
Including five different types of solar cells were devised for each of two Air
Force orbiing vehicies. Tne cell type- were aentritic s licon, aen-tritle auucun
drift field, cadmium telluride thin film, cadmium sulfide thin film, and ion
Implanted 9ll- on. The cells were tested in a module configuration consisting
of eight, 1 x 2 centimeter cells of each type in electrical series.

The short circuit current and open circuit voltage parameters were monitored
over a one year period. The measured degradation was compared with predicted
degradation based upon th.o Van Allen inner belt proton/electron model and results
of accelerator produced 1 Mev electron radiation. The total proton/electron
environment in the 2000 NM polar orbit corresponded to an equivalent 1 May

electron fluence of 7.3 x 1015 e/cm 2 per year which produced a predicted power
degradation of 38 percent in non-drift field silicon cell types and 31 percent In
silicon drift field types. Measured quantities were found to substantiate the

validity of the 1 Mav electron method for predicting silicon solar cell damage.
Thin film solar cells (In the configuration described in the report) failed In
earth orMt for reasons other than radiation damage. Thermal effects and
mochanic-d delamiation are believed to be the most likely reasons for their

failure.
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The angular response of solar cells in space agreed with angular response
measurements taken in the laboratory except for effects of stray radiation from
earthshine and vehicle reflecticas. Angular resaponse was also determined to
be independent of radiation damage level.
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